Abstract: We propose a dielectric grating that can launch surface plasmon resonance (SPR) modes efficiently on the other side of flat metal films, which is similar to the conventional prism coupling mechanism. Importantly, this structure can excite SPR under the normal incident light, which is particularly suitable for the integration with optical fiber tips. By launching the SPR mode near the wavelength of 1.55 m with a very narrow resonance line width (∼4 nm), this structure is promising for the development of highperformance portable, flexible, and real-time refractometric sensing applications.
Introduction
Surface plasmons (SPs) are coherent oscillations of conduction electrons on a metal surface excited by electromagnetic radiation at the metal-dielectric interface [1] . The sensitivity of the surface plasmon resonance (SPR) to the refractive index change at a flat metal interface has led to the development of SPR sensing systems, which typically use prisms to couple light into a single SP mode on a flat, continuous metal film (typically gold) [2] , [3] . Depending upon which characteristic of the light wave is measured, SPR sensors are mainly classified as sensors with angular, wavelength, and intensity/amplitude modulation [2] . The most common modulation approaches used in high-end SPR sensors are based on spectroscopy of SPs in the wavelength or angular domains. Commercial prism-based wavelength/angular-modulated SPR sensors can provide a resolution of 10 À7 refractive index units (RIU) for single point detection, corresponding to a minimum detectable surface concentration of ∼0.3 pg/mm 2 [2] . Because of this sensitive sensing capability, SPR sensors have been widely used in biomedical diagnostics, food quality and safety analysis, and environmental monitoring [3] . However, their large detection spot and the need of a bulky coupling prism limit their effectiveness for compact and miniaturized biosensing. For example, a standard high-end commercial system (BIAcore T100, GE) is over 40 kg [4] . Although miniaturized versions of prism-based SPR have been commercialized (e.g. Spreeta, Texas Instrument), their sensitivities were much lower, e.g. a reported smallest refractive index sensitivity of Spreeta 2000 was only 0.04 [5] . On the other hand, intensity/amplitude measurements have also been widely used, in particular, in SPR imaging and multiplex sensing techniques. For example, SPR multiplexed sensing systems were commercialized with up to 400 discrete elements based on angular-tunable grating coupling approaches [6] . However, intrinsic size and complexity of these angular-tunable systems is a disadvantage for applications requiring integrated, low-cost, compact, image-based devices for portable, rapid bioanalytical measurements.
In recent years, fiber optical sensor technology has been developed for sensing of vibration [7] , strain [8] , gas [9] , [10] , and bio-molecules [11] . Integration of various nanostructures with optical fibers represents a new sensor architecture to overcome those limitations suffered by conventional optical sensor technologies and is promising to result in flexible and portable sensor tips for on-site and real-time sensing. Combined with fiber-coupled light sources and photodetectors/spectroscopies, these designs may deliver portable sensing systems. In particular, researchers also proposed several designs to combine SPR with optical fibers. For instance, the cladding layer of an optical fiber was removed for the thin film metal deposition. SP waves were then excited by the core-guided light to demonstrate a fiber-based SPR platform [12] , [13] . Nanostructures were also fabricated on the metal-coated fiber tip to launch SP waves [14] , [15] . However, most of these designs are limited by the difficult nanofabrication on fiber side walls [12] , [13] or fiber tips [14] , [15] . Successful demonstration of those prototypes needs special handling process of fragile optical fibers. In this paper, we will propose a simple grating coupled SPR mechanism which is amenable to standard fabrication process. Intriguingly, the dielectric coupling grating is on the other side of the flat metal film, enabling the convenient integration with optical fiber tips. We will employ numerical simulation to demonstrate its performance in sensing applications.
SPR Coupling Mechanisms
To explain the proposed unique coupling mechanism, it is necessary to summarize the conventional SPR coupling mechanisms first. The most widely used mechanism is the prism coupling system, as shown in Fig. 1 
where " m and " d are the permittivities for metal and dielectric materials, respectively [1] ; see the solid blue curve in Fig. 1(d) ]. At the intersection point, the coupling efficiency could be as high as over 90%. In this coupling mechanism, the signal change was contributed by the surface refractive index change at the top interface exclusively since the incident light does not interact with the sensing medium.
Another frequently used mechanism is the grating coupling [1] , as illustrated in Fig. 1(b) . The periodic metal grating will provide the required momentum Ák == to meet the mismatch from the incident light (k == ¼ n 1 ðc=!Þsin 2 at the angle of 2 ) to the SP modes at flat metal surfaces [see the yellow arrow in Fig. 1(d) ]. However, in this mechanism, the incident light and the SP modes are at the same side of the metal film [see Fig. 1(b) ]. Scattering in the bulk material may result in extra noise to the sensing signal. In addition, since the conventional commercial system still employed the angle tuning system to identify the reflection dip positions (e.g. [6] ), this mechanism is difficult to be integrated with optical fibers.
To overcome the difficulty in integration of the aforementioned two mechanisms, here we propose a dielectric-grating structure on a metal film (e.g. Ag film), as illustrated in Fig. 1(c) . Although this work focused on presenting a theoretical design, we also considered standard nanofabrication procedures to demonstrate its feasibility. Assuming that we first deposit a 50-nm-thick Ag-film on a glass substrate followed by a deposition of 350-nm-thick single-crystal Silicon (Si) film, one can then employ standard top-down nanofabrication methods (e.g. optical interference lithography and nanoimprint lithography) to fabricate a grating structure. To further strength the adhesion between Ag-Si interfaces, titanium or chromium thin-films can be inserted at the Ag and Si interface. After that, one can use the epoxy (e.g. Norland Optical Adhesive 83H (NOA83H), the refractive index of epoxy is 1.545 [16] ) to peel the entire-two layers off from the glass substrate, following the recently reported peeling-off procedure [17] , [18] . In this case, the metal film is exposed to the environment, which can be used for optical sensing. The coupling mechanism for this situation is to couple the normal incident light from the optical fiber tip to SPP modes, as illustrated by the black arrow in Fig. 1(d) . 
Proof-of-Concept Modeling: Efficient Excitation of SPR Modes From the Back Side of Flat Metal Films
By considering the optical constants of those typical materials (i.e. Si, glass, epoxy, Ag, etc.) and set the period and width of the Si grating to p ¼ 1150 nm and w ¼ 690 nm, the reflection spectrum from the Si side under the normal incidence is shown in Fig. 2(a) . One can see that an ideal reflection dip is obtained at the resonant wavelength of 1.547 m. To interpret its physics, the mode distribution is plotted in Fig. 2(b) , showing that the light is coupled to SPR mode at the metal/water interface. This remarkable coupling mechanism under the normal incident light is particularly useful for integrated optical sensing. To demonstrate the tolerance of the structure to the geometric parameters [see Fig. 1(c) ], we scanned the thickness of the Ag film, d m , and the Si grating, d g , and modeled their corresponding reflection spectra, as shown in Fig. 2(c) and (d) , respectively. One can see that reflection dips below 20% can be obtained with the d m ranging from 30 nm to 60 nm and the d g ranging from 280 nm to 350 nm. Therefore, this structure is highly realizable based on standard deposition and nanofabrication techniques. It should be noted that metal gratings have been proposed to realize this type of coupling on the back side of the metal film with very low coupling efficiencies (e.g. [19] and [20] ). Compared with these reported results, our proposed structure has much higher coupling efficiency [21] - [23] , which is promising to result in high performance fiber based SPR sensor with higher signal-tonoise ratio (SNR).
To evaluate the coupling efficiency more accurately, we then analyze the spatial absorption distribution in the designed structure. When the SPP modes are launched at the top metal surface, as shown in Fig. 2(b) , these modes will be absorbed by metal films ultimately. Therefore, the spatial absorption distribution will indicate the SPP coupling efficiency since the SPP modes are only confined at the top surface. As shown by the zoom-in plot of the spatial absorption distribution in Fig. 2(e) , one can see that the absorption distribution near the metal surface does correspond to the mode distribution shown in Fig. 2(b) . By integrating the absorption at each numerical mesh layer (i.e. 2 nm-thick in our modeling) along the z direction, we can obtain the averaged spatial absorption distribution [see Fig. 2(g)], showing the exponential decay feature of SPP modes from the top surface. On the other hand, one can also observe some absorption at the bottom surface of the metal film, which is related to the absorption of the metal film on the back side (e.g. waveguide modes, scattering, reflection at the bottom interface, etc.). These absorption should be excluded to evaluate the actual coupling efficiency of SPP modes. By calculating the area under the exponential decay fitting of the spatial absorption distribution from the top surface [see the red dotted line in Fig. 2(f) ], the estimated coupling efficiency at this resonant wavelength is 91%. It should be noted that the full-width-at-half-maximum (FWHM) of the launched SPR mode is only ∼4 nm which is very sharp due to the lower loss of metal films at near infrared domain. Compared with previously reported nanoplasmonic sensor at the similar wavelength (based on extraordinary optical transmission (EOT) phenomenon through nanohole arrays with the FWHM of 15 nm) [24] , this narrower resonance is highly desired for more sensitive optical sensing. By controlling the geometric parameters of the dielectric gratings, the SPR resonance can be tuned to other wavelengths, as will be discussed in the next section.
Spectral Tunability
To demonstrate the spectral tunability of the proposed dielectric grating coupling mechanism on the other side of the metal film, in this section, we design structures to launch SPs at visible to near IR domain, with many laser lines that can easily be coupled with optical fibers. For instance, when the geometric parameters are tuned to (p ¼ 620 nm, w ¼ 310 nm, d m ¼ 50 nm, d g ¼ 270 nm), a strong SPR mode can be excited at the wavelength of 852 nm with the FWHM of ∼6 nm, as shown in Fig. 3(a) . It should be noted that the crystalline Si-grating also has absorption at 852 nm. Therefore, we followed the numerical procedure outlined in Fig. 2(g) to calculate the absorption distribution and extract the coupling efficiency (i.e. 92%; in other words, the absorption in Si-grating is pretty weak at 852 nm). For another set of geometric parameters (p ¼ 960 nm, w ¼ 576 nm, d m ¼ 50 nm, d g ¼ 230 nm), the SPR mode is tuned to 1297 nm with the coupling efficiency of 87% and the FWHM of ∼5 nm, as shown in Fig. 3(b) . Due to the higher metal loss at these shorter wavelengths, the bandwidths of these SPR modes are relatively broader. Their corresponding mode distributions are plotted in Fig. 3(c) and (d) , respectively, confirming their spatial confinement features at the metal/water interfaces, which will enable the optical sensing as will be discussed in the next section.
Numerical Simulation of Optical Sensing
To reveal the sensing performance, here we tune the refractive index of the bulk material on the top surface from 1.333 (i.e. water) to 1.338 and modeled the reflection spectrum, as shown in Fig. 4(a) . As the refractive index increases, the resonant wavelength shifts from 1.547 m to 1.553 m, demonstrating the spectral sensitivity S ¼ Á=Án ¼ 1200 nm/RIU. This number is similar to previously reported wavelength-shift sensitivity for many nanoplasmonic structures reported thus far [25] (e.g. 400 nm/RIU (@1600 nm) for nanopatterns [26] , 637 nm/RIU (@300-1800 nm) for nanoparticles [27] , 300∼560 nm/RIU (@600-900 nm) for nanoslit arrays [28] , 600 nm/RIU (@1460 nm) for disk resonator [29] , ∼1500 nm/RIU (@1550 nm) for nanohole arrays [24] , [30] , etc.). However, it should be noted that the FWHM of the launched SPP mode under this coupling mechanism is relatively sharp [e.g. only ∼4 nm in Fig. 3(a) ], resulting in a remarkably high figure-of-merit (FOM ¼ S/FWHM) for spectral sensing. According to the modeled wavelength-shift spectrum shown in Fig. 4(a) , the estimated FOM is ∼ 300, which is much better than reported FOMs obtained by other nanoplasmonic sensor architectures (e.g. ∼101 for EOT-based nanohole array at telecommunication wavelengths [24] , 14.5 for silver nanowell array [31] , ∼10 for metallic grating on the back side [20] and typically < 10 for LSPR sensors based on nanoparticles [32] , [33] ). The best reported FOM records were realized based on double-slit plasmonic interferometer (FOM of ∼ 200) [34] and nanohole arrays using subradiant dark modes (FOM of 162) [35] , respectively, with relatively weak signal-to-noise ratio (SNR) due to the small amplitude of the sensing signal. In contrast, due to the efficient grating coupling mechanism, the amplitude of the SPR resonance is similar to conventional SPR systems with the potential to realize very high SNR and FOM simultaneously. Remarkably, this structure can be integrated with optical fiber tips, as illustrated in Fig. 4(b) , to realize a portable and flexible sensing device. Furthermore, if each fiber tip in a fiber bundle (fiber tip array) is integrated with this type of sensor structure, it will enable the development of high throughput fiber sensor imager.
Conclusion
In summary, we presented a design of dielectric-grating-coupled SPR structure. Due to the grating coupling and tunneling through metal thin films, SPR resonance can be launched efficiently under the normal incident condition. Numerical simulations were performed to demonstrate the sensing performance in liquid environment. Compared with the previously reported architectures based on metal grating only (e.g. [19] and [20] ), this type of dielectric grating is amenable to large area nanofabrication techniques and can be fabricated at relatively low cost. The modeled wavelength shift sensitivity is comparable with other reported high performance nanoplasmonic sensor structures and the estimated FOM is promising to be superior over previously reported ones due to the relatively narrow resonance near 1.55 m coupled by dielectric gratings. This SPR coupling mechanism designed for normal incidence is particularly attractive for the development of high performance SPR sensor on optical fiber tips and is promising to realize new sensor products for commercialization.
